where NO is the total number of absorbing molecules.

This relationship can be used to eliminate one of the variables, say

So(t), from Eq. (1) to yield:

dSq(t) '
_;t = ()TN = COOTTy(t) - (ke + ke + C(A)T) Sy(t)
(3)
dTq (t
U8 o ki) - 6T

A general solution for Eq. (3) can be found by established mathematical

techniques.(z) The result is of the form:
Sl(t) = Ciexp(a_t) + Coexp (A t) +m (4a)
LI ) B ;E%E%—exp (0, t) féEEEEEXD (O t) +n (4b)
P e
where,

-(kp+ ket ke + C(A)I) £V [kt ket ke C(A)I)E - AkcC(A)I-Bkp(ktkc+C(A)T)

XNy T

2
(5)
and Cl’ C2, m and n are constants which are determined by the boundary

conditions of the problem.

With continued irradiation, the populations Sj(t) and Ty(t) approach
steady state values Sf) and Tf), respectively, in times comparable to the

excited state lifetimes (nanoseconds for S1 states and microseconds for T1

states). Thus, for pulse-widths very long compared to the excited state life-




times the populations are treated as constants. It was previously shown, for
instance, that the number of photoproducts which may be formed directly from

the S, state is simply

0 G ;
Y . o
P (1,r,c0)) = [ ke Sy() dt = kg 5, [ at
0] 0
(6)
3 0
~ kS Sl T
where
C(r)IN®
57 =m = T‘J)?"“ (7)
£t ke

in the Timit where negligible depletion of the S, population is assumed.

In the above case the functional dependence of P1 on I, t and C(}) is
straightforward. However, in considering the case of shorter pulse-widths the
populations do not reach steady state during the course of the irradiation and
the time-dependent terms of equations (4a) and (4b) must be integrated to find
the populations of the photoproducts. Further, with short-pulse, high-power
lasers, some depletion of the ground state population may occur so that this
assumption, employed in the derivation of equations (6) and (7), is no longer
valid. Finally, for short, high intensity pulses, the number of photoproducts
formed after termination of the pulse cannot be neglected, since the excited
states will maintain a non-negligible population for several lifetimes after
the irradiation. Equations (4a) and (4b) are valid for the time interval

et = T, but additional expressions must be derived for the time interval

o

A

(l'\.
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The applicable differential equations and their solutions are extremely
lengthy, hence we present here the solution for only one of the four possible
pathways proposed for the photochemical reaction, namely the mechanism for

direct production of photoproducts from the S, state.

The number of photoproducts formed via this mechanism is given by,

P (I, v, €M) = kg Sp(8) dt + [ kg Sy'(t) dt (8)
0 %

where Sl(t) is the population given in equation (4a) and Sl'(t) is of the form
5. (e} = gaetlks * Keit (9)

which represents the decay of the S1 population after the termination of the
irradiation. The constant C4 is determined by equating Sl(t) and Sl'(t) Xt T
the instant when the irradiation is terminated. Solving for the constants and
carrying out the integrations indicated in Eq. (8) the resulting expression for

P1 is found to be,

_ 0 1 a AT AyT
Pl(I,T,C()\)) = kS Sl [T + —*k‘f—‘:-k'—c- ble + bze = b3 .] (10)

where A, and X_ are given in Eg. (5) and,

0
Slo . C{(x)IN (11)
k
e CUNY) + k. &k * C(A)
K f C
p
Al + k
n i f el J ] (12)
ke = Ay U5 ke vk
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B2 T Kl 2 Ap ')}——'+ : (13)
pyag = . + ke + ke
and
1 : T 1
S + + ; . (14)
2 T, e

Similar solutions may be derived for the formation of photoproducts
directly from the T, state or following absorption of a second photon by the

S1 or T1 states.

(2) Numerical Examples and Discussion

In order to obtain any meaningful interpretation of the dependence of
Py on I, 7 and C(x) as expressed in Equations (10-14), a number of numerical
examples are considered. The singlet state lifetime, 1/ kf, is regarded as an
unknown molecuiar constant as is kg, the rate constant for photoproduction.
The calculated values of P; are expressed in units of Ei—N? where N° is the
total number of absorbing molecules.

The rate constant k. is set equal to k¢, and kp is taken to be 10-3kf.
These relationships are known to be approximately true for each of the
aromatic chromophores which absorb UV radiation in biological systems.(3) Et
is of interest to consider a range of pulse-widths beginning with much longer
than the singlet state lifetime and progressing to much shorter than this
lifetime. Therefore we consider the cases for t with values of 102/kf, 10/kf,

1/kf, 10-1/kf and 10-2/kf. Similarly, it is desirable to consider a range of

intensities from those which are estimated to be too low to cause any




significant depopulation of the ground state ranging to intensities sufficient-
ly high to cause significant depletion of the ground-state population (>5%).
Since the extent of ground state depletion is determined by the relationship
between C(A)I and k¢, the limits of interest can be achieved by assigning to

C(x)I values of 10 %k¢, 107 k¢, k¢, 10ks and 10%kg.

The calculated populations of photoproducts for each set of parameters are
shown in Table II-1. The results are also plotted as Py vs. C(x)I in Figure

I1-2 and P} vs. T in Figure II-3. From Figure II-2 it can be seen that for

TABLE T1~1
RELATIVE POPULATIONS OF PHOTOPRODUCTS FORMED

THROUGH S] STATE

k
5 3 S (0]
P] (I, t, C (x) ) in units of g;‘N
C(a)I ’ 1 2
- - 10k
1 PR 1 e T 10k, :
!
102 .34 1.1 1.1 1.1 1.1
ke
10/k 4.1x10°¢ | .38 .99 1.0 1.0
f
/ _3 _2
]/k 4.2x10 4.7x10 .35 .76 .81
f
-1
10 /kf a.2007" [a.9x1073 poox107?| o, 54
107 g :
/kf 4.2x10°% |4.9x107% 5.5 1073] 4.8x107% .32
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short pulse-widths P1 is linearly proportional to C(A)I except at very high
intensities where the curves begin to lTevel off. For longer pulse-widths, the
curves level off at much lower intensities as the ground state population is
depleted and the population of T1 approaches its steady state value. Far
sufficiently lTong v and high intensity, most of the moleciules are "trapped"

in the Ty state, and photoproduct formation from the S1 state reaches an
asymptotic value regardless of further increases in intensity. (This assumes,

of Course, that no additional damage mechanisms become important.)

From Figure II-3, it can be seen that at low intensities Py is Tine-
arly proportional to t for all tr. At higher intensities, however, the curves

level off as the population of the T1 state approaches its steady-state value.

We assume a critical number of photoproducts,PlC, is required in
order for cellular aberration (i.e., a lesion) to he observable at the macro-
scopic level following irradiation. Therefore, a threshold curve is defined
as any horizontal line Plc = Pl in Figures I1-2 and I1I-3. 1In order to derive
a plot of threshold intensity, Ithzlé; T it is neCessary only to choose the
appropriate value of Py, and plot the intersections of this line with the
families of curves shown in these figures. Typical results are shown in
Figure 1I-4 for several values of Pj.. It is seen that for low values of

P Ith is linearly proportional to T with unit slope indicating that the

ie?
product, < Ith’ is a constant. This is merely a statement of the usual
assumption that the amount of photochemical damage is proportional to the
total energy dose. Note, however, that this assumption breaks down for

larger values of Plc’ i.e., in cases where many photoproducts must be formed

before a macroscopic lesion is observable. Note also, that in any case, the

I1-12
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number of photoproducts formed would not be proportional to the total energy
dose for any photochemical mechanism which involved absorption of more than

one photon.

With a pulse-width of approximately 5 nanoseconds, 1 is approximately
equal to 1/kg¢. Inspection of the curve for 1 = l/kf on Figure I1-2 shows
that the deviation from linearity becomes significant only for intensities
such that C(x)I > k¢, i.e., when depletion of the ground state population is
significant. If the conditions necessary to cause macroscopically visible
damage in vivo were such that deviations from linearity were significant,
this fact would be readily apparent in the experiments proposed to test the
photochemical model. Thus, if a threshold intensity, Ith’ were determined
for a single pulse then the threshold for"n"consecutive identical pulses
would be Ith/nX where x > 1. Any value of x greater than one represents a
deviation from linearity and indicates that ground state depletion in the
absorbing medium is significant. It is fortuitous that a value of x > 1
would also serve to differentiate more clearly the photochemical mechanism

from any non-cumulative mechanism which would be represented by x = 0.

The analysis presented above assumes certain relationships among the
rate constants for transitions between the electronic energy levels. However,
the analysis may be repeated for any other ratios of rate constants which
may be appropriate for the molecules involved in the photochemical reactions.
The analysis is readily extended to cover photochemistry involving the T1
rather than the S1 state and to cover biphotonic mechanisms involving either
state. There are no explicit restrictions on the laser beam parameters and

the analysis should be applicable to a wide variety of laser systems when-
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reported above are plotted as threshold vs. the log of the pulse-width (Figure
II-18) it is clear that the lifetime of the postulated transient species lies
between 1 msec and 20 msec. Additional experiments are in progress to obtain
more data points in this interval so that the shape of the experimental
curve can be compared with the results predicted by the analog computations.

The lifetime of the transient species will be determined from the shape of the
experimental curve and this number in turn will be fed back into the theore-
tical model. The transient species lifetime could prove to be important for the

identification of the primary molecular species involved the photochemistry.

(2) Stromal and Lenticular Lesions

Several subjects have been exposed to doses of 350 nm CW laser radi-
ation far in excess of the thresholds for corneal epithelial lesions. An
exposure of 625 Jou1es/cm2 (approximately 10 times the epithelial threshold)
resulted in a lenticular clouding and a reflective spot either deep in the
stroma or on the corneal endothelium. The lenticular lesion was readily
apparent at 18 hours post-exposure but the deep corneal lesion was largely

masked by an epithelial lesion until the latter had cleared (48 hours).

At 66 hours post-exposure the lenticular clouding had become better
defined and was readily observable with an indirect ophthalmoscope as well
as with the slit lamp. Also at 66 hours, no stromal lesion could be identi-
fied but there was still a reflective spot on the corneal endothelium. By
one week post-exposure both the endothelium and the lens had cleared and
there was no observable disruption remaining in this eye (the retina was not
examined).

I1-41
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An exposure of 950 Joules/cm2 (approximately 15 times the epithelial
threshold) yielded both stromal and lenticular lesions which were readily
apparent after the epithelium had cleared. The stromal lesion was in the form
of a cloudy circular spot. On close examination with the slit Tamp it was
noted that there were a large number of randomly oriented fibrous particles
within the cloudy area. Although these particles were distinct, they were of
sufficient density to give the impression of a hazy spot when viewing the cor-
nea directly. The appearance of the stromal lesion was unchanged for more
than a month but then began to clear and could no longer be oberved at two

months post-exposure.

The lenticular lesion appeared to grow in size during the first week,
stabilized in appearance during the next week or so and had cleared complete-

1y by one month post-exposure. The producticn of a reversible lenticular

clouding following exposure to high doses of non-coherent UV radiation has
been previously observed and noted to be a precursor of eventual cataract

(6)

formation. ' Accordingly the subject of this experiment has been monitored at
monthly intervals but no cataract has been found to date (5 months post-

exposure).

Although the thresholds for stromal and lenticular lesions appear
to be far greater than those for corneal epithelial lesions, exposure of
these deeper layers to UV radiation may uitimately prove to be of more con- i

cern because of long term, cumulative effects leading to irreversible damage.

(3) Retinal Lesions :

Little, if any, attention has been paid in the literature to the
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possibilities of retinal hazards from ultraviolet laser radiation. Generally,
the tacit assumptibn has been made that the cornea and lens are sufficiently
strong absorbers of u]travTolepkradiation to protect the retina from damaging
UV rays. While this is undoubtedi}'tfve-ankyevé]engths shorter than 300 nm,
the assumption is questionable for the near UV QévéTéngth’range (300-400 nm).
For wavelengths greater than ~320 nm, the corneal transmiss;on.is greater than
50% and the aqueous and vitreous media are even more transparent t;\hear
UV radiation. Only the Tens is strongly absorbing at these wavelengths but,
even so, lenticular transmission is on the order of 1% over much of the near

UV. This is illustrated in Figure 11-19 which is taken from data reported in

Reference 5.

As evidence that the small amount of near UV radiation transmitted
through the ocular media may present retinal hazards to personnel working
with lasers in this wavelength range, we present here the first report of
retinal lesions induced in primates by a UV laser. The laser is the same
krypton-ion laser used for the corneal studies described earlier. The tech-
nique for aiming the laser beam onto a given spot on the fundus has been de-

(1)

scribed in detail in an earlier report and is illustrated in Figure I1I-20.

Figure II-21 shows a retinal lesion resulting from a 45-sec exposure
to the 350 nm output from the krypton laser. The power incident at the cornea
was 70.6 mWatt on a corneal spot size of 2.22 mm (l/e2 diameter) resulting
in an energy dose delivered to the cornea of 82 Joules/cmz. The lesion was
observed immediately after the exposure as a dark spot of 200-250 wm diameter.

By 18 hours post-exposure the lesion had grown to >250 um diameter surrounded
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Figure 11-21. Fundus Photograph of UV-induced
retinal lesion; one hour post-exposure. The
large circular area is the macula (-~1500 um
diameter); the lesion (arrow) is a darker spot,
~250 ym diameter in the center of the macula.
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by a dark annulus.

Figure 1I-22 shows a fundus with a total of seven lesions, five in
the macular area and two paramacular (at 10 o'clock), caused by near UV laser
radiation. For this series of shots the laser power was held constant at 105
mW and the pulse-widths were varied.from 5 to 90 seconds. The seven exposures
of 20 seconds and longer duration all resulted in lesions. However, some of
these were not visible immediately or even one hour after exposure but were
observed only at 18 hours post-exposure. The calculated energy dose for a
20-second exposure is 54 Jou]es/cm2 incident on the cornea, which is below

the corneal lesion threshold for these beam parameters.

At this time, little evidence has been accumulated as to the nature
of the mechanism involved in the UV-induced retinal lesions or the variation
in threshold as a function of beam parameters. Nevertheless, it is enlight-
ening to compare the crude threshold estimate of 54 Jou]es/cm2 with existing
permissible exposure levels as set forth in the standard of the American
National Standards’}ﬂstitdféné 7-136 Committee On The Safe Use Of Lasers.

The retinal pérmissible exposure level which is quoted for the wavelength

range 0.4-1.4um is ~500 uWatt for a 20-sec exposure. Qver most of the

visible region, a large fraction (s 50%) of the incident radiation will be trans-
mitted to the retina. At 350 nm, <0.25% of the incident radiation is trans-

(5{ Therefore, of the 105 m Watt incident upon

mitted directly to the retina
the cornea in the above experiments, approximately 250 u Watt is transmitted
to the retina. ANSI permissible exposure levels are generally about 10
times lower than thresholds for retinal lesion formation ; thus, it appears

that the 350 nm laser radiation is at least as hazardous in terms of inducing
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Figure 11-22. Fundus photograph of UV-induced
retinal lesions; 18 hours post-exposure. The
macula is the poorly-defined, large circular
area in the center of the photograph. Lesions
appear as light-colored spots (arrows).
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retinal lesions as is visible laser radiation (for equal intensities incident

on the retina).

Perhaps even more pertinent at this stage iS an examination of the
ANSI corneal permissible exposure level for 315-400 nm radiation. The value
cited for a 20-sec exposure is 50 mW/cmZ. In contrast, the 20-sec exposure of
350 nm laser radiation which caused a retinal lesion was equal to 2.7 Natt/cmz,
for a 2.2 mm corneal spot size. For a larger spot size the energy density at
the cornea would be Tower, but essentially all of the non-divergent laser light
which passes through the pupil will be focused onto the same retinal spot.
Thus, if we consider a 7 mm corneal spot size (which is equivalent to the dimen-
sion of the dilated pupil of the rhesus monkey and is also a reasonabtie figure
for the human pupil size in a dimly 1it environment) a corneal exposure of 270

mw/cm2 could very well result in a retinal lesion, other factors (such as Ten-

ticular absorption) remaining constant.

Inspection of the lenticular absorption spectrum (Figure I11-19) shows
that in the region near 320 nm or near the UV-visible border (-400nm), the
transmittance of the ocular media to these wavelengths is at least three times
greater than at 350 nm. Thus, even without further investigation, it is ap-
parent that although the ANSI permissib’e exposure level for 315-400 nm radia-
tion has an adequate margin of safety for corneal lesion formation, under cer-
tain conditions there is little safety margin for retinal lesion formation which
may result from the same exposures. Whether there is any safety margin at all

becomes rather doubtful when several other factors are considered.

(1) The UV-induced retinal lesions produced in the preliminary ex-

periments to date have been 150-200 ym or larger. We have not yet had an
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opportunity to vary the beam parameters and investigate a threshold for a
“minimal visible lesion". Obviously such a threshold will be lower than the
estimated threshold quoted in this report.

(2) The dependence of retinal lesion formation upon the laser beam
parameters is unknown at this time. If the mechanism for damage is photo-
chemical in nature,the efficiency of the mechanism may vary significantly
with wavelength; thus, there is no reason to assume that 350 nm is the wave-
length of maximum efficiency.

(3) Small variations in the lenticular absorhance from one subject
to another will cause major fluctuations in the relative amount of radiation
reaching the retina in each case. Again, there is no reason to assume that
the subject used in these preliminary studies had Tenticular absorptions

lower than the norm.

In conclusion, there appears to be some question regarding 1973 ANSI
corneal permissible exposure level for near UV laser radiation. On the basis
of the results to date it is reasonable to speculate that with certain beam
parameters, retinal lesions might be induced at exposure levels which are

comparable to or below the ANSI permissible exposure levels for the cornea.
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PART 111

A.D. Nawrocki, W.H. Bowie and R.F. Lemberger

A.  INTRODUCTION

The chief objective of this project is to measure spatial distributions
and temporal histories of temperature changes induced by laser radiation in
the posterior portions of the vertebrate eye. The approach involves visually
guided, surgical insertion of microthermocouple probes through the sclera in
the region of the posterior pole. Experiments will be conducted at subthres-
hold, threshold, and suprathreshold exposures, using the presence of ophthal-
moscopically visible and/or histopathologically correlated lesions as criteria
for injury. The experimental variables will include wavelength (visible through
near IR), radiant intensity, pulsewidth and repetition rate. Results of
retinal temperature measurements will be provided to USAF SAM/RAL for valida-
tion of a semi-empirical model for predicting temperature increases based upon

heat diffusion equations.

B.  BACKGROUND

Of the various sensory organs in man, the most susceptible to injury by
laser irradiation is the eye. As Cain and We1ch(]) have noted, the increasing
use of lasers has necessitated the implementation of safety standards based
upon experimental measurements and, where possible, clinical data. As our
understanding of laser-induced injury and dysfunction has increased, these

standards have been revised periodically.

At the present time, it appears that the complex chemistry which underlies
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laser induced injury can be predicted reasonably well as classical (macro-
scopic) heat diffusion and first-order kinetics. However, recent results

(2)

of Hemstreet, et al., indicate that the ocular effects of repetitive
pulses at certain fast rates typical of field applications do not necessarily
add linearly to produce equivalent injury as predicted by strictly thermal
processes. In addition, all present thermal models ignore possible changes
of state such as vaporization in which heat is absorbed incrementally without
contributing to rising temperature. Thus, both from first principles and
direct experiment, thermal modeling cannot be expected to predict effects of
all possible laser parameters, in particular of certain fast, intense or repe-
titive pulses.

Clearly, experimental validation of thermal modeling in such applications
is necessary to establish limits of its overall utility as well as to provide
possible corroborating evidence as to the significance or predominance of
other mechanisms. The advantage of such a model, once validated, is its
ability to predict ophthalmoscopic damage -- and by extension with other phy-
siological and psyvchophysical correlates, visual dysfunction -- without the
expense and time of generating large masses of experimental data for each new
set of exposure parameters.

Briefly, thermal effects of laser irradiation in the retina may be under-
stood as follows: with the exception of the pigment epithelium (PE) and choroid,
the retina and underlying tissue are essentially transparent, and the PE and
choroid may be considered as a double-layered, spectrally aependent heat sink.
When a highly collimated source or sufficiently bright, diffuse source impinges

on the eye, the PE and choroid can rapidly absorb and conduct heat. For laser
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pulse durations less than about 10 sec and greater than 100 ysec, the assoc-

jated temperature increases apparently cause rate-dependent injury mechanisms

(3)

such as deactivation of enzymes and protein denaturation as well as patho-

logical signs such as edema, lysis, and at suprathreshold exposures, massive
disruption of cellular 1aye}s.
Experimental temperature measurements with probes whose tip diameters

(4).

exceed 50um have been suspected of ra2cording artifacts

(5)

Metal-vapor coated,

(6)

quartz microthermocouples developed Ly Reed and modified by Cain are

possibly more suitable; tip diameters of 10-30 um and time constants of about

200 usec have been reported(4).

Experimental measurements with this probe have
(4.7) and have been compared with thermal models

originally devised by White, et al. (8) and Henriques<9).

been conducted by Welch, et al.

C.  EXPERIMENTAL

Research efforts under this contract will utilize thermocouple probes
developed by Reed and Cain (cited above) in conjunction with an advanced com-
putational scheme for predicting chorioretinal spatio-temporal temperature

(10),

profiles developed for USAF SAM/RAL The recording/control systems for

performing these measurements will be based at Teast in part on equipment
assembled by Crum(]]).

A block diagram of this experimental system is shown in Figure III-1.
The laser beam passes through converging optics to a pellicle driven by an
incremental, hydraulically-driven beam deflector which deflects the beam
through an arc whose center is near the pupil of the eye. The beam is gated

and scanned across the retina by control logic and clock circuitry. An incan-

descent source illuminates the fundus of the eye with a Maxwellian view so
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that positioning of the probe can be observed with the binocular ophthalmo-
scope. Analog signals representing the temperature changes monitored by the
microthermocouple probe are amplified and stored on magnetic tape for off-line

computer processing.

Surgical procedures for implanting the microthermocouples into the eyes
of rhesus monkeys have been developed in collaboration with USAF/SAM personnel
based on a modification of the techniques employed by Dr. A. J. Welch's research
group(4’7), University of Texas at Austin. With sufficient experience and ad-

ditional tools and equipment, we plan to perform such surgery within the USAF

SAM Laser Laboratory (RAL). Similarly, calibration and measurement of dynamic

“responses of microthermocouples will be performed on these premises.

D.  RESULTS TO DATE

(1) Thermal. Previous testing of probe step and pseudo-impulse responses
conducted with pulsed and shuttered lasers in the USAF/SAM Laser Laboratory,
suggests that the probe behavior approximates that of an RC filter with a time con-
stant of about 50 msec, which is much slower than the time constant reported for

these probes by Welch, et ql.(4)

This discrepancy has been resolved as follows: The SAM/RAL preamplifier was
taken to Dr. Welch's laboratory and tested with a single, new microthermocouple.
With the probe aligned in air with respect to the center of a shuttered CW la-
ser beam, results were very similar to the step responses measured in air at SAM/
RAL. With experimental conditions the same, except with the probe surrounded
by a static head of water contained in a glass beaker, the probe step response

was roughly 100 times faster than that observed in air as above.

ITI-5




This finding is consistent with the significantly different set of
boundary conditions for heat transfer which are generated in these two

cases. For example, a term KYT (where K = thermal conductivity, V

]

gradient, T = temperature) enters into the equatians for the boundary bpe-

(12)

tween the probe and its surround Other differences in heat transfer

are caused by relative differences in convection and radiative absorption
by the probe and its surround. It is interesting to note that the step
response in biological tissue is roughly 150 times slower than that of

pure water(13).

Thus, in general, one must be cautious of characterizing these micro-
thermocouple probes as a simple RC filter whose response is independent of its
surround. As seen in Figure III-2, a typical retinal temperature measure-
ment, using a shuttered CW laser to irradiate the eye; is characterized by a
rapid rise followed by a slow ascent; then a fast decay when the beam is in-
terrupted, followed by a slow descent. Presumably the fast rise and decay seg-
ments of this curve are a consequence of radiative absorption and heat transfer
within the probe itse]f(]3), surrounded distally as it were by optically trans-
parent tissue. Clearly the waveform in Figure 1II-2 cannot be modeled mathe-

matically with a system containing a single time constant.

On the other hand the low pass behavior of such a system can be approxi-
mated reasonably well by considering that the thermal resistance and heat
capacity of tissue and microthermocouple correspond, respectively, to electrical

resistance per unit length R and capacitance per unit length C in a three-di-
1. (4)

mensionally distributed RC matrix. For convenience, Welch, et assume

that a single RC configuration with a time constant t of 0.2 msec can be used

I11-6
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Figure III-2. Thermal responses of microthermocouple near pigment
epithelium of rhesus monkey eye irradiated with argon
laser. Upper and lower traces obtained at same location
within eye, with differing time bases as shown, probe
being slightly off center with respect to laser beam
center. ?Tracings from oscilloscope photographs.(13))
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to characterize the sensor perturbation of tissue temperature measurements.
To allow for heat transfer across additional boundaries of finite thick-

ness between heat source and sensor, additional RC units must be added. In
general the values of RC must be matched to each\distinct layer in the heat
conducting pathway. The addition of such RC units, however, causes addition-
al attenuation and smoothing of recordings of temperature profiles outside

the sensor.

For example, consider the attenuation of a signal (strictly speaking,
the unit-normalized modulus of frequency response) passed by such simplified
RC systems, as shown in Figure III-3. The case n = 1 corresponds to signal
attenuation due to a single RC unit. Note that although for practical pur-
poses, such a system equilibrates to a step temperature input in about 5
time constants (-1 msec), the signal components whose frequencies exceed 1.3
KHz are attenuated by over 50%. With n = 2,3,4, corresponding numbers of

(14), to simu-

identical RC units are cascaded serially, loading being ignored
late conditions in which additional layers or boundaries must be passed be-

tween temperature sensor and sensed environments.

It should be emphasized for the purpose of this report that the above
models are not intended to provide precise quantitative predictions as to
temperature waveform distortions in actual biological experiments; rather they
purport to delineate in a broad sense the band pass limitations which are im-
posed upon experimental design and interpretation. Clearly additional experi-
mental and theoretical work is needed on this very important point. However
it is apparent that when laser repetition rates of more than 1-10 KHz and duty

cycles of ~50% are used in biological experiments, special data processing

111-8




- ,._f ; ﬁ ; T———

"39sul ul umoys se sabe3s Dy [POLIUSPL JO UBQUNU = U pue ‘Adusnbauy
Je|nbue = ™ $3URISUOD BWLY UBI|L) QY = 1 pue 1/ = p adaym ‘rg/m = 4

Kouanbauy *sa c-Aan +0) = m asuodsau Adusnbauy JO Sn|npow pazi|BWAOU-7 LUf *€-111 @unbL4

9 g 1 ' & ! 0
ZH i : - P
(24043~ (s el e o el A s
INEERENMADDS EERERRES A TERE ﬁ_w
il ) e, ol
r o e
o e > m\ r -
B XK XD %.I/Q. - 0 - hl\..w
LT . 02 S
. L : nlEI.
<, .' A S Po -
T ~ / .m
Z ! %
N
g Sk a
. =]
S oy =
1 ole — Q_J
w 4 2 AQ (u “
: T =3
) 0 E
e 09 =
| 0 ® e o
. -q o-- m
P .—HH 3 S s
S e D
1} 4
WS |1 <F
L] P e
! N
4
—d{ 001
Y

o | | r | L | B S BT W T T R R AL w




A

- A

techniques to correct for sensor perturbation of temperature measurement
are essential. Efforts are underway to provide these corrections and to under-

stand more precisely the probe characteristics and limitations.

(2)  Electrical. The SAM/RAL thermocouple-preamplifier and amplifier
system appears to have adequate stability, frequency response, and gain to
make it a useful experimental tool, although certain design changes may be
necessary. In particular, 60 Hz line noise was significant in one experi-
ment when a functional microthermocouple probe, whose electrical resistance
measured an atypically high value of ~1 K @, was tested for its dynamic re;
sponse by exposing the probe in air to a shuttered He-Ne laser. Although the
temperature stability of the preamplifier appears quite acceptable from an
electronics standpoint, it would be convenient, although not essential, to
have a separately controlled reference temperature junction to assist in in-
terpretation of data when displayed on-line with a storage oscilloscope. In
any case, the reference junction temperature must be measured as part of rou-
tine data collection. In addition, it is necessary to determine whether the
noisy substrate of wet, exposed biological tissue will necessitate floating

differential inputs across the microthermocouple leads.

The control logic to drive the shutter, probe, and beam deflector appears
to have sufficient latitude for exploratory purposes. However, the linearity
and reproducibility of the beam deflector and probe driver have not yet been
tested. As discussed in Section 3, an improved beam deflector system must be
designed and built before meaningful measurements can be obtained. Depending
upon the criterion for spatial data resolution, use of a single photodiode

scanner to calibrate deflector positions of an unmodulated laser beam may be

[11-10
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inappropriate for this particular task; a sufficiently accurate calibration is
likely to require a quadrant-differential detector array. One such system,
which should be capable of measuring beam positions well within +5 ym and pos-
sibly +0.5 ym has been designed (see Appendix III-A for details).

Twelve microthermocouples, which had been provided by the University of

(15) elec-

Texas some twelve months previous, were tested with a newly designed
trical resistance measuring circuit (see Appendix III-B for circuit details
and diagram). Probes which had resistance values between 200 and 1.1Ko were
found to generate linear EMF's when equilibrated to temperature steps in a

water bath. A dissecting microscope was used to visualize the probe tip; with

appropriate alignment of a camera above the microscope tube with one ocular

" removed, it was found that acceptable photomicrographs can be readily obtained

for documentation of probe size and shape.

In the future, the above resistance measuring device and auxiliary micro-
scope system will be used as a quick, presumably non-destructive check on all
new batches of microthermocoupies obtained from the University of Texas. In
addition, acceptable probes subsequently damaged, either in use or as a con-
sequence of a possible limited shelf life, can be checked out against these

initial values before and after an experiment.

(3) Optical. In the beam deflector designed by Crum(ll), a cam was

machined to ride against a roller and mount which carries a beam-deflecting
pellicle. The geometry of this cam is based upon an assumed paraxially-
incident laser beam, which is subsequently deflected by the pellicle through
a fixed point in or at a dilated, relaxed eye of an animal. Thus, the eye,

accomodated to focus at infinity, images the incoming beam at the retina,

IT11-11
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forming a small diffraction patch whose central disc diameter is typically

on the order of the probe tip diameter.

Clearly the size of the temperature sensor, located at the probe tip, is
a limiting factor as to how small the laser beam can be without producing sig-
nificant attenuation and smoothing of spatial temperature profiles, as well as
probe radiometric scans of the image intensity of the beam. One expects from
Fourier analysis (see Appendix III-C) that the diameter of the diffraction disc
should be larger than the diameter of the sensor by a factor of at least 10,
which necessitates that the laser beam be incident on the eye either in a con-

verging or diverging fashion.

For. example, if the laser beam is focused at certain distances in front
of the eye, it will have an enlarged diameter at the retina whenever the geo-
metric focus of the beam inside the eye is proximal to the retina. Alterna-
tively one may focus the laser beam near the pupil of the eye (Maxwellian
view), with the cone angle for the converging beam so chosen that an appro-
priate beam diameter intersects the retina. The size of this beam intersec-
tion is readily calculated to a first approximation from standard lens formu-
lae. Thus additional laser optics could be added conveniently to the present
system to expand the retinal image of the incident beam. However, unless this
optical system either is interposed between the eye and pellicle or is trans-
lated axially to about the same extent as the pellicle, the retinal beam size

will be dependent upon defiector position.

Moreover, due to optical aberrations within the eye, the beam intensity
distribution is not translationally invariant with respect to arbitrary dis-

placements of the beam on the retina. Hence one should not assume a priori (a)
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that the initial radial symmetry of the beam intensity distribution in air
is not distorted at the retinal level, or (b) that equal angular displace-
ments of the beam in air remain equally spaced at the retina. Fortunately
these effects are measured readily with the newly designed optical system,

as discussed briefly below.

In addition, we may use a general three-dimensional ray tracing
program currently being deve]oped(16), to provide both an independent check
on the above translational invariance for particular choices of beam width,
inclination and divergence, and by extension, a useful tool for correcting
and optimizing the present beam deflector design. Briefly, each ray is as-
signed an initial set of space coordinates and direction cosines; then it
is traced through each (spherical) surface in the optical system, and specified
at a given observation plane or at a concave surface which represents the
retina. The principal advantage of this method, based upon simplification of
a technique devised by Spencer,(17) is the ease with which both meridional
and skew rays can be traced; effects of lens aberrations are calculated pre-
cisely. This method can be extended readily to include aspherical surfaces,
Fresnel coefficients, light polarization, and intensity. At present, mini-
computer software is being written for simple two-dimensional test cases to

insure that the method is working properly.

The condenser optics to illuminate the fundus have also undergone
some modification, initially to decouple the laser optics from the condenser
optics, as well as to increase the distance between the beam deflector pel-
licle and the ophthalmoscope lens assembly used by Crum.(ll) This was ac-

complished in prototype form (a) by replacing the ophthalmoscope prism with a
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